Abstract. In the past the estimation of corrections to nutation models was uniquely reserved to very long baseline interferometry (VLBI) and lunar laser ranging (LLR) data processing. Although satellite space-geodetic measurements have been used to determine UT1-UTC rates (or length of day) for many years now, the estimation of nutation rates was not performed. There is no fundamental difference, however, between the estimation of rates in UT1-UTC and nutation rates in obliquity and longitude from satellite data. A simple variance-covariance analysis shows that significant contributions to nutation by the Global Positioning System (GPS) are possible for periods below about 16 days. Since 
Introduction The Center for Orbit Determination in Europe (CODE) is one of seven analysis centers of the International Global Positioning System (GPS) Service for Geodynamics (IGS)
where LOD is equal to -(UT1-'UTC) in the absence of leap seconds.
In the Keplerian approximation (two-body problem; bodies with spherically symmetric mass distribution) the orbital elements f•, i, and Uo are integration constants and therefore constant in time. This means that there is no problem to estimate nutation rates and UT1-UTC rates (or LOD). This is also true if the orbital elements are perturbed, as long as the perturbing accelerations can be modeled accurately enough over the time interval the rates are estimated for (e.g., for 1-3 days). The interaction between perturbations of the satellite orbits and the nutation rate estimates will be discussed in section 4.2.
In summary, we have shown that it is in principle possible to estimate nutation rates (not nutation offsets, however) from satellite geodetic data. There is no fundamental difference between estimating UT1-UTC rates and nutation rates, and there is no mathematical reason therefore to estimate the former but not the latter.
We have to ask two basic questions, however: (1) what is the frequency range, where nutation rate estimates derived from GPS data may significantly contribute to the estimation of nutation terms ?; (2) what will be the approximate precision of nutation amplitudes estimated from GPS data ?
In order to answer these questions we examine the basic observation equations used to estimate nutation amplitudes from (1) VLBI corrections to the a priori nutation model (e.g., IAU 1980) and (2) nutation rate corrections using GPS. ries, whereas for the GPS rate series the formal errors of the coefficients grow linearly with the period T. Let us make use of (29) and (31) to compute an estimate of the formal errors to be expected in both cases, using actual numbers for n and cr given in the literature. In the work by Herring et al.
[1991] we find n = 798, cr/x• = 0.6 mas for VLBI and this paper here gives n = 1281, cr/xa = 0.27 mas/d for GPS. Figure 1 summarizes the precision of nutation amplitude estimates from VLBI and that expected from GPS over periods from 3 to 40 days. It indicates that GPS could make a useful contribution for periods below 5 to 32 days depending on the duration of the GPS data used and the accuracy assumed for VLBI. The lower limit corresponds to the current duration of GPS data analyzed and the latest VLBI analysis, and the upper limit corresponds to an assumed analysis with twice the duration of GPS data and the Charlot 1995 precision estimate for VLBI. In this paper we will adopt 16 days as the period below which we will examine the accuracy of the GPS amplitude estimates. The breakeven point (equal precision for both space techniques) varies somewhere between a period of 5 and 20 days. The simple variance-covariance analysis shows very clearly, that (1) no major contributions to nutation theory may be expected from GPS with current orbit modeling in the low-frequency domain (T > 16 days); (2) GPS has a good chance to contribute in the high-frequency range of the nutation spectrum (T < 16 days). The first conclusion was to be expected because of the difficulties of modeling the GPS satellite orbits over more than a few days and the degradation with time of the quasi-inertial frame realized through the equations of motion of the satellites. The second statement, however, may be unexpected in that, for a long time, the access to the rotation axis of the Earth in inertial space was thought to be reserved to VLBI and LLR. At periods of several days we may expect very precise amplitude estimates from the GPS series. This picture is very similar to what we know from the behavior and quality of LOD estimates derived from GPS data [Gambis, 1995] . It is clear that when we approach the periods near to the sampling interval (about 5 days in VLBI and 1-3 days in GPS), the relationships (29) and (30) will no longer hold. The same is in principle true for very long periods, but we do not consider such periods here. With a longer time series the horizontal line of the VLBI precision in Figure 1 will be shifted in parallel toward lower values, whereas for GPS the slope of the line will decrease.
GPS Data Analysis

Global Data Set
The GPS data used in this analysis covers a time interval of more than 3 years or 1281 days. It starts in April 1994 (day 112) and ends in November 1997 (day 300). For each day in this interval global solutions were computed using the latest version of the Bernese GPS Software [Rothacher and Mervart, 1996] , each solution including three consecutive days of data and overlapping with the preceding and the following 3-day solutions (see Figure 2) . The reason to generate 3-day solutions (and not, e.g., 1-day solutions) is the strength gained by having 3-day satellite arcs (only one set of initial conditions per satellite for 3 days). The data are from the IGS network shown in Figure 3 and comprise observations from 40 to about 90 globally distributed sites. It can be seen that today the IGS sites are quite homogeneously distributed over the globe (with the exception of the gaps in Africa and Russia, and the dense clusters in Europe and the United States). This polyhedron of sites supplies a very strong reference frame for the determination of Earth orientation parameters. Figure 4 shows the number of sites and the number of phase double-difference observations used in the 3-day solutions. From the steady increase of both quantities we may expect an improvement in the quality of the estimated nutation (and other) parameters over the 3 years and geocenter coordinates as unknowns; other parameter types were preeliminated from the system at an earlier stage). These normal equation systems were saved during the routine CODE processing or during one of the two reprocessing efforts in 1996 . The normal equations were generated using a standard least squares algorithm. The combination procedures are described in detail by Brockmann [1997] .
Earth Orientation Parameters
When saving the normal equation files much emphasis was put on having a high temporal resolution for the Earth orientation parameters estimated. Therefore offset and rate parameters were set up for each 2-hour interval and for each of the five components of Earth orientation, namely, the z and y pole coordinates, the difference UT1-UTC, and the Starting from the 2-hour offset and rate estimates saved in the normal equation systems, it is possible to produce a number of different solution types for the EOPs by either using linear transformations between subsequent parameter sets or by putting a priori constraints on these parameters. Two important features to be mentioned in this context are the forcing of continuity at the interval boundaries and the reduction of the number of parameters per day. Continuity at the interval boundaries was asked for in all the solution types discussed below, that is, the EOPs were always represented as piecewise linear functions. A reduction of the number of parameters, for example, reducing 12 offsets and rates per day to only one offset and rate per day or even to one offset and rate over the entire 3 days, can easily be achieved through linear transformations of the parameters or by appropriate a priori constraints put on the parameters. It should be mentioned that, although offset parameters were set up for all five components, only polar motion (PM), that is, the :r and !/pole coordinates, may be determined in an absolute sense using GPS data. The first offset of a 3-day solution for UT1-UTC, Ae, and A•b was therefore always constrained to the a priori value (obtained from VLBI).
Three major 3-day solution series, in the following called N3, N1, and S3, were generated for either the entire time period of 3.5 years or for all days since January 1, 1995. Table 1 gives a summary of the most important characteristics of these nutation series estimated from GPS data.
Before discussing why these series were produced, it is essential to know which a priori models were underlying the estimation of the EOP parameters. and N 1) the series S3 was generated, where polar motion and UT were determined on a 2-hour basis. To avoid singularities, retrograde diurnal polar motion was suppressed using corresponding constraints on the 2-hour polar motion offset and rate parameters. The particular aspect of the series N1 is the higher resolution of the nutation rate estimates (1 day instead of 3), which avoids the smoothing effect to be expected from 3-day solutions.
Orbit Model and Parameters
The fact that most of the solutions presented here are based on the routine products of CODE may explain the inhomogeneity of the series from the point of view of orbit modeling and parameterization. In order to improve the routine solutions and products, a continuing development of software and strategies is necessary. With such changes CODE tries to maintain a high-quality level for the "routine" products. The time series of solutions, however, become inhomogeneous and difficult to interpret due to such modifications. Unl'ortunately, it is not feasible yet to reprotess a few years of data "from scratch" each time a major modification is made, due to the amount of data involved. In this section we focus on the aspects of orbit modeling that are relevant to understanding our nutation series.
In general, the orbit of each satellite over 3 days was represented by one set of initial conditions (position and velocity vector at the start of the interval), by one set of radiation pressure parameters (more details will be given below), and by pseudo-stochastic pulses (small changes in the satellite's velocity) [Beutler et al., 1996b] . Such pulses were introduced in the along-track and radial direction every 12 hours, that is, 5 times in a 3-day interval. They were constrained (to zero) with an a priori variance of (10 -s m/s) 2 and (10 -s m/s) 2 for the along-track and radial component, respectively. Before January 1995, pseudo-stochastic pulses were set up for eclipsing satellites only, and thereafter for all satellites. For satellites that were difficult to model on specific days (even with the estimation of pseudo-stochastic pulses), the 3-day arc was split up at the day boundaries into 2 or even 3 arcs by estimating additional sets of initial conditions and radiation pressure parameters.
The radiation pressure model in use at CODE in its general form is defined by Beutler et al. Whereas only the two classical radiation pressure parameters were determined until day 273, 1996, after this date the number of parameters was increased to five: the three constant terms (aDO, a¾o, and axo) and the periodic terms in X direction (axc and ax$). We will refer to these two orbit models as the "old" and the "new" orbit model in the following. To estimate even more of the nine parameters would lead to high correlations between some of these parameters and the EOPs (in particular, UT1-UTC and nutation rates and the geocenter coordinates; see section 4.2). The selection of these very five parameters was mainly based on an optimization of the quality of the orbits and the quality of the UT1-UTC rate estimates [Springer et al., 1996 [Springer et al., , 1998 ]. The quality of the nutation rate estimates was not a criterion at this point in time.
To complete the description of the orbit modeling, let us mention that small changes in the force field (e.g. The major improvements in the orbit quality were certainly achieved by allowing for pseudo-stochastic pulses for all satellites and by the switch to five radiation pressure parameters. The effect of these changes on the nutation estimates will be discussed in section 5.
Other Parameters Estimated
Together with the EOPs and orbit parameters discussed in the last two sections, other parameter types were estimated simultaneously: site coordinates, site-specific troposphere zenith delays, initial phase ambiguities, geocenter coordinates, and satellite antenna offsets. These parameters were treated in exactly the same way in all of the three series N3, For every 6-hour interval a troposphere zenith delay parameter was determined for each site. The mapping function derived by Saastamoinen [1971] was used to map the zenith delays to the actual satellite elevation angle.
Since January 1995, 80-90% of the initial phase ambiguities were resolved to integer numbers for all baselines shorter than 2000 km using a strategy called Quasi Ionosphere-Free described by Mervart [1995] . For baselines longer than 2000 km, no ambiguity resolution was performed. On the average about 50% of the total number of ambiguities could be resolved.
Correlation Between EOPs and Orbit Parameters
Correlation Between EOPs
When aiming at an almost instantaneous estimation of EOPs, at the most three independent Earth rotation parameters may be estimated, namely, the three Eulerian angles defining the net transformation matrix between the inertial and the Earth-fixed reference frame. When estimating more parameters (e.g., polar motion in a: and and AO) these parameters will be linearly dependent or highly correlated. Uniqueness is achieved by forbidding prograde diurnal terms in nutation and retrograde diurnal terms in polar motion. In practice the correlations actually occurring between the five EOPs depend mainly on the binning intervals used. Table 2 lists the correlations between the EOPs we have set up for the main solution type N3 (see Table 1 ). Most of the parameter types are almost uncorrelated. Significant correlations exist, on the other hand, between the nuta- as we will see in section 5.
Correlation Between Orbit Parameters and ERPs
We now examine equations (18) more closely, because they are crucial for the understanding of correlations between the EOPs and orbital parameters. According to (18a), the LOD estimates are related to changes in the orbital nodes and changes of the argument of latitude u0. A drift in the node f•, common to all satellites (e.g., produced by a slightly wrong Earth potential coefficient C'20), will directly propagate into the LOD estimates. This is also the case for a com- By substituting (36) into (18) we get relationships between the acceleration components/t, S, W, and the nutation rates. Starting from such equations, it is possible to compute (by numerical or analytical integration) the net effect of an arbitrary unmodeled perturbing acceleration on the nutation rate estimates. Changes in f• and i, for example, are (according to (36c) and (36d)) uniquely produced by unmodeled accelerations in the out-of-plane direction W, whereas (see (36e)) all three acceleration components/t, $, and W contribute to changes in u0 and thus to biases in the nutation estimates.
The most critical part of the force model for GPS satellites is the acceleration caused by solar radiation pressure. When we express the perturbation due to radiation pressure parameters in the tISW frame, we may compute the net effect of the radiation pressure parameters on the orbital elements and, consequently, on the nutation rates. Such an analysis was performed by Rothacher et al. [1995] for the direct radiation pressure parameter at)0 and the Y bias ay0 (see (34) and (35)), and it might be extended to comprise the other estimated radiation pressure parameters in (35). The results of such an analysis clearly show that the dominant effects to be expected from radiation pressure are either short-period perturbations (with the revolution period of the satellites) or long-term variations with typically annual and semiannual periods (orientation of the orbital planes relative to the direction to the Sun). Both types of variations are, fortunately, not critical for the nutation periods between a few days and about 16 days that are accessible to GPS with a reasonable accuracy. Large systematic effects in the nutation rates are to be expected at long periods, especially at semiannual and annual periods.
As we will see from the formal errors of the estimated nutation rates in the next section, a significant correlation exists between the radiation pressure parameter axo and the nutation rates. This means that the nutation estimates after day 273, 1996, where we started to estimate axo (and periodic terms in the X direction), are less precisely determined on the one hand, but systematic biases due to orbit modeling problems may be considerably reduced on the other hand. The orbit model quality is definitely the limiting factor in the determination of nutation rates from GPS. A major advantage of VLBI is that its inertial coordinate frame is much better defined by the almost stationary quasars. But even for VLB! there can be motions of the brightest point in some quasars [see, e.g., Barrel et al., 1986].
Analysis of the Nutation Rate Series
Nutation Rate Series From GPS
The three nutation rate series, obtained from processing of the global GPS data as defined in Table 1 The use of 3-day solutions has a considerable effect on the formal errors of the nutation rate parameters: rates estimated from only one day of data (instead of three) will formally be less accurately determined by a factor of 5.1 (decrease of the formal rate errors with AT -a/2, where AT is the estimation interval). The estimation of only one rate over 3 days leads, however, to a smoothing at short periods that we will be looking at in more detail below.
As an illustration, we include Figure The set of nutation periods for which we decided to estimate coefficients was selected according to the following criteria: (1) the period has to be smaller than 16 days according to the conclusions drawn in section 2 (see Figure 1) ; (2) the amplitude of the term given by the IERS96 model should be larger than the expected formal error in Figure 1 ; (3) the periods of two estimated terms should be sufficiently separated to avoid significant correlations between the coefficients. The term with the larger amplitude is chosen, if two or more periods are too close to each other.
Estimation of Nutation Amplitudes
Criterion ( The set of 34 nutation periods resulting from the above considerations is listed in Table 4 together with the multipliers One more effect should be considered when estimating corrections to nutation terms from rate (or offset) pseudoobservations. Let us assume that we estimate rate parameters (GPS) or offset parameters (VLBI) with a time resolution of r days from the original data (e.g., one rate estimate over r ---3 days for solution N3). In a second step we then use these estimated rate
values (GPS) or offset values (VLBI) to determine nutation amplitudes. What happens if the nutation period T of interest is not much larger than the time interval r ? It is clear that the nutation signal with a period T and an amplitude A originally present in the observations
will be damped and we will only recover a fraction of the original amplitude. Figure 9 shows the fraction of the original amplitude we recover as a function of the ratio TIt. In the case of the GPS series N3 with rate values with a time resolution of r = 3 days, the nutation amplitudes estimated at a period T of, for example, 6 days (ratio TIt --2) will be underestimated by about 25%. Even at periods of about 13 days, a systematic reduction of about 5% of the estimated amplitudes compared to the actual amplitudes still occurs. For solution type N1 with a 1-day resolution the situation is more [avorable and we reach the 5% reduction level already for periods above 4 days. From Figure 9 we also learn that the situation is worse, if we are working with nutation offsets to estimate amplitudes. For VLBI offset estimates stemming from experiments of typically 24 hours the attenuation is at a level of 10% for periods around 4 days (amplitude loss for VLBI at high frequencies is also discussed by Herring and Dong [ 1994] ). There is no shift in phase to be expected from this smoothing mechanism. Estimating semiannual and annual amplitudes in addition to the set of periods given in Table 4 in order to remove existing long-term variations led to changes of a few microarcseconds at the most in the nutation coefficients (at the "longer" periods between 10 and 16 days). The above results clearly show that, in general, nutation corrections of similar quality can be obtained with both orbit models. It is therefore not appropriate to use the rate uncertainties from the GPS analysis, which differ by a factor of 2-3 between the orbit models, to weight the rate estimates. Nevertheless, we computed a solution introducing the inverse of the squares of the formal errors as weights into the least squares procedure. As a result the amplitude differences compared to the IERS96 model increase. The deweighting of all results before January 1995 and after September 1996 has an effect comparable to a considerable shortening of the series. Stronger correlations between neighboring periods is also a consequence. The solutions to be presented next, making use of the full series N3, N1, and S3, were therefore generated without weighting the nutation rates.
Influence of the Orbit Model and Rate
Nutation Coefficients From the Series N3, N1, and
S3
The set of 34 terms (136 coefficients) listed in Table 4 was determined from each of the three nutation rate series N3, N1, and S3. The corresponding RMS scatters of the postfit residuals are put together in Table 3 . As expected from the formal errors of the rate estimates in Figure 6 , the residuals are larger for solution types N 1 and S3 than for N3, although the difference is not as pronounced as in Figure 6 . We can infer that there is a considerable gain in quality when computing nutation rates from 3-day solutions instead of 1-day solutions. The higher noise level of series S3 is a consequence of the larger number of ERPs (2-hour resolution) and the higher correlations of these parameters with nutation rates. The noise level of the N3 rates with 0.27 mas/d is very similar to that of the UT1-UTC rates of about 20 ps/d estimated for these type of 3-day solutions. This shows that rates in UT1-UTC and in nutation can be determined with comparable quality. It is important to realize that the two components, A6 and AO sin 60, may be determined equally well from GPS. This is true from the point of view of the formal errors as well as t¾om the amplitude differences with respect to the IERS96 model. If we remind ourselves of (16) The GPS values were determined from the rate series N3 One lines appears at a period of about 10.37 days (a +) and could be associated with the term Nj = (-1,-1,0, 4, 0) . We already mentioned above the relatively large discrepancy between the GPS estimate and the IERS96 model in the case of the 10.08-day period. The deviations around 10 days might be caused by the old orbit model, although the actual mechanism is unclear. Other lines are located at 9.73 days (a +) and 7.5 days (a-), for neither of which we expect any large amplitude according to theory. It is certainly too early to speculate about their origin. First, the whole series of nutation rate solutions should be recomputed with a consistent and optimized orbit model. We close this section with the remark that these remaining lines are more noticeable in the AO than in the Ae component.
Comparison of Individual Periods With Different
Models
We have seen that the overall agreement between the IERS96 model values and the GPS-derived amplitudes is at a level of approximately 10 pas (median). Let us now compare GPS results of the major nutation periods in more detail with results from VLBI and LLR published recently. Because nutation analyses using VLBI and LLR data are mostly focussing on longer periods than those considered here, we may only compare the amplitude estimates for a few periods, namely, 13.66, 9.13, 14.77, and 9.56 days with more than one source.
Before going into a detailed comparison let us look at three factors, using the 13.66-day term as an example, that may have an impact on the amplitude estimates: (1) the change in the coefficients of the 13.66-day period depending on whether or not we estimate the neighboring term at 13.78 days (the closer 13.63-day period cannot be separated from the 13.66-day period), (2) how much the amplitudes are Table 4 ). The dashed lines indicate the 1 cr uncertainties of the amplitude estimations. reduced by the smoothing effect discussed in section 5.2, and (3) the change produced by a change of the a priori model from IERS96 to SKV972. Table 5 summarizes the result of these potential "error sources." The amplitude changes due to factors (1) and (3) were obtained by computing corresponding solutions. Figure 9 tells us that the amplitudes at 13.66 days are reduced by 5% for 3-day rates. This leads to the numbers given in Table 5, Table 6 for those The uncertainties of the GPS estimates in Table 6 are smaller than most of the VLBI uncertainties. An exception is SOUC95, the uncertainties of which are better by a factor 1-2 (depending on the period). Only two of the 34 GPS_N3 terms show a deviation of more than the formal uncertainty from both, IERS96 and SKV972, namely 6e,. at 9.13 days and 6%. at 14.77 days. To get an impression of the agreement of the models in Table 6 with SKV972, probably the best model presently available, we computed the standard deviation of the differences between two models for all nutation components (the AO components were multiplied by sin eo) and determined the maximum difference between the two models. These values are listed in Table 8 Table 7 ).
Conclusions
It is well known that a direct determination of UT1-UTC corrections from satellite geodetic data is not possible. For several years, however, satellite techniques (SLR, GPS, Doppler orbitography and radiopositioning integrated by satellite (DORIS) .... ) have been used to estimate UT1-UTC rates (or LOD). We have shown that from a mathematical point of view there is no major difference between estimating UT1-UTC rates and nutation rates in obliquity Ae and longitude AO from satellite geodetic measurements. For all three components of Earth rotation it is not possible to determine offsets to an a priori model because of the one-to-one correlations with the geometrical orbit parameters (ascending node, inclination, and argument of latitude), whereas the first derivative of these quantities with respect to time can be estimated.
The nutation rate series analyzed in this paper are the first nutation series established in satellite geodesy. The series were computed from GPS data of the global IGS network by the CODE analysis center of the IGS using 3-day solutions. The series of daily nutation rate estimates was started in spring 1994 and it covers to date more than 3.5 years. GPS nutation results may be of value in this area of research and in the search for potential ocean normal modes [Herring and Dong, 1994] .
It is our hope that in the future other GPS groups or other satellite space techniques will follow this example and start to estimate nutation rates in their analyses. It would then be possible to derive nutation corrections from a combination of different series stemming from VLBI, LLR, GPS, and other satellite systems.
